Abstract The heterogeneous group of 3-methylglutaconic aciduria (3-MGA-uria) syndromes includes several inborn errors of metabolism biochemically characterized by increased urinary excretion of 3-methylglutaconic acid. Five distinct types have been recognized: 3-methylglutaconic aciduria type I is an inborn error of leucine catabolism; the additional four types all affect mitochondrial function through different pathomechanisms. We provide an overview of the expanding clinical spectrum of the 3-MGA-uria types and provide the newest insights into the underlying pathomechanisms. A diagnostic approach to the patient with 3-MGA-uria is presented, and we search for the connection between urinary 3-MGA excretion and mitochondrial dysfunction.
Abstract The heterogeneous group of 3-methylglutaconic aciduria (3-MGA-uria) syndromes includes several inborn errors of metabolism biochemically characterized by increased urinary excretion of 3-methylglutaconic acid. Five distinct types have been recognized: 3-methylglutaconic aciduria type I is an inborn error of leucine catabolism; the additional four types all affect mitochondrial function through different pathomechanisms. We provide an overview of the expanding clinical spectrum of the 3-MGA-uria types and provide the newest insights into the underlying pathomechanisms. A diagnostic approach to the patient with 3-MGA-uria is presented, and we search for the connection between urinary 3-MGA excretion and mitochondrial dysfunction. Branched-chain organic acid 3-methylglutaconic acid: the biochemical basis catabolism. Figure 1 shows the metabolic pathway of leucine; 3-MGA, 3-methylglutaric acid (3-MG), and 3-hydroxyisovaleric acid (3-HIVA) accumulate when the conversion of 3-methylglutaconyl-coenzyme A (CoA) to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) by the enzyme 3-methylglutaconyl-CoA hydratase (3-MGH, EC 4.2.1.18) is disturbed. This is the underlying cause in 3-MGA-uria type I. As we show in detail upon describing the different subtypes of 3-MGA-uria, there is no evidence that the 3-MGA-uria types II-V are caused by a disturbed leucine catabolism. Notably, subtypes II-V affect mitochondrial function through different pathomechanisms. But how can mitochondrial dysfunction lead to elevated urinary excretion of 3-MGA?
In the urine of healthy individuals, 3-MGA is found only in traces (< 20 mmol/mol creatinine). In patients with 3-MGA-uria, concentrations can (intermittently) rise above 1,000 mmol/mol creatinine. The urinary excretion of 3-MGA is generally higher in type I than in the other types (Elpeleg et al. 1994; Christodoulou et al. 1994; Cantlay et al. 1999; Schmidt et al. 2004 ). Patients with 3-MGA-uria type I excrete even higher amounts of urinary 3-MGA after a leucine-rich, or in general, a protein-rich meal (Duran et al. 1982; Ensenauer et al. 2000) . This is not the case in patients with the other types of 3-MGAuria, which emphasizes that the excreted 3-MGA does not originate from leucine degradation (Barth syndrome: Kelley et al. 1991; Christodoulou et al. 1994; type IV: Chitayat et al. 1992; Wortmann et al. unpublished data) . Interestingly, in these patients, the excretion can be highly variable or intermittently absent, even within 24 h, seemingly unrelated to the clinical course or severity of the metabolic derangement (Elpeleg et al. 1994; Cantlay et al. 1999; Schmidt et al. 2004; Christodoulou et al. 1994; Wortmann et al. 2009 ).
Patients with 3-MGA-uria type II (Barth syndrome) have both increased 3-MGA and low cholesterol levels. Therefore, it was speculated that some of the idiopathic syndromes with 3-MGA-uria may be caused by defects of sterol or isoprenoid metabolism causing overflow of mevalonate carbon through the so-called mevalonate shunt ( Fig. 1 ; Kelley et al. 1991; Kelley and Kratz 1995) . In this shunt, dimethylallyl pyrophosphate is dephosphorylated in Fig. 1 Leucine catabolism and possible shunts to cholesterol biosynthesis. 1 Transaminase, 2 branched-chain 2-oxo-acid dehydrogenase, 3 isovaleryl-CoA dehydrogenase, 4 3-methylcrotonyl-CoA carboxylase, 5 3-methylglutaconyl-CoA-hydratase, 6 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) lyase, 7 HMG-CoAsynthase, 8 HMG-CoA-reductase. PPi pyrophosphate two steps to the free alcohol, oxidized to 3-methylcrotonic acid, and then activated with CoA to form 3-methylcrotonyl-CoA, the precursor of 3-MGA-CoA in the regular leucine catabolic pathway (Edmond and Popjak 1974) . Other links between the two pathways at the level of higher-order isoprenoids, such as geraniol and farnesol, have been described ( Fig. 1 ; Edmond and Popjak 1974; (Schroepfer 1981) . Also, a direct shunt between mevalonate and 3-methylglutaconyl-CoA was hypothesized ( Fig. 1 ; Edmond and Popjak 1974) . This is the only "mevalonate shunt" per se (Walsh et al. 1999) . It seems that the shunt is more active in tissue of ectodermal origin (e.g., skin, placental tissue) than in tissue of mesodermal origin (Edmond and Popjak 1974) . Physiologic evidence that the mevalonate shunt or a related shunt is significant in humans, at least in renal tissue, has been provided (Hughes-Fulford et al. 1986 ). More data are available for rats, in which the liver is the main organ of mevalonate shunting (Weinstock et al. 1984) . Investigations in 35 patients with Smith-Lemli-Opitz syndrome (SLO, MIM 27400) showed a weak inverse correlation between low plasma cholesterol, its elevated precursor 7-dehydrocholesterol, and elevated plasma 3-MGA (Kelley and Kratz 1995) . SLO patients with very low plasma cholesterol (< 200 μg/ml; seven of 35 patients) generally had plasma 3-MGA levels above the + 2 standard deviation (SD) range for age (five of seven patients; range 400-5,000 nmol/l). The rise in cholesterol precursors (isoprenoids), which cannot be metabolized to cholesterol in patients with SLO, leads to overflow via the mevalonate shunt and a consequential increase in 3-MGA (Fig. 1) . The authors also hypothesized another mechanism. Low plasma cholesterol can induce HMG-CoA synthase, leading to increased HMG-CoA levels and an increased flux through the cholesterol biosynthesis pathway (Goldstein and Brown 1990) . The HMG-CoA is then dehydrated to 3-MGA through 3-MGH ( Fig. 1 ; Kelley and Kratz 1995) . The urine of some patients also contained high amounts of 3-MGA but no increased 3-HIVA levels, which is characteristic for 3-MGA-uria type I, suggesting that the 3-MGA does not originate from leucine catabolism. Still, the described shunt does not explain how mitochondrial dysfunction relates to excessive 3-MGA excretion. Several enzymes involved in leucine degradation as well as sterol biosynthesis are nicotinamide adenine dinucleotide phosphate (NADP)-NADP, reduced (NADPH) dependent. One could hypothesize that oxidative phosphorylation system (OXPHOS) dysfunction influences NADP-NADPH-dependent enzymes, such as the 3-MGA-hydratase by a disturbed NADP/NADPH ratio. However, excretion seems unrelated to clinical severity or disease course. At the moment, 3-MGA is a biochemical marker for mitochondrial dysfunction of still unknown origin.
Measuring 3-MGA by gas chromatography/mass spectrometry (GC-MS) and one-dimensional [ 1 H]-NMR spectroscopy As part of the routine metabolic screening in our lab, urinary organic acid analysis is performed by gas chromatography/mass spectrometry (GC-MS) after extraction of the urine sample with ethyl acetate and derivatization with N,N-bis(trimethylsilyl)trifluoroacetamide containing 1% trimethylchlorosilane. The concentration of 3-MGA is quantified by comparing the signals obtained with calibration curves of the pure compound, using a CP-Sil 8 CB column (Varian, Middelburg, The Netherlands) on a highperformance (HP) 6890 Gas Chromatograph (Agilent, Amstelveen, The Netherlands). For research purposes, we additionally perform one-dimensional [
1 H]-nuclear magnetic resonance (NMR) spectroscopy of different body fluids ( Fig. 2 ; Engelke et al. 2006) . Body fluid samples are measured at 500 MHz on a Bruker DRX 500 spectrometer with a triple-resonance inverse (TXI) 1 H { 15 N, 13 C} probe head equipped with X,Y,Z gradient coils.
1 H spectra are acquired as 128 transients in 32-K data points with a spectral width of 6,002 Hz. The water (H 2 O) resonance is presaturated by single-frequency irradiation during a relaxation delay of 10 s; a pulse width of 7 μs is used (corresponding to a 90°excitation pulse).
3-MGA-uria type I (MIM 250950)
For a long time, 3-MGA-uria type I was thought to be a classic organic aciduria. It is a rare autosomal recessive disorder of leucine catabolism characterized by markedly increased urinary excretion of 3-MGA and mildly elevated urinary 3-MG and 3-HIVA. The underlying cause of 3-MGA-uria type I is deficiency of 3-MGH, the enzyme that catalyzes the fifth step of leucine catabolism, the conversion of 3-methylglutaconyl-CoA to HMG-CoA (Fig. 1) . Murine 3-MGH is highly expressed in kidney, skeletal muscle, heart, and brain and was shown to be located in the mitochondria (Brennan et al. 1999) . The activity of 3-MGH can be determined in fibroblasts or lymphocytes by use of an overall enzyme assay measuring three steps of leucine degradation, from 3-methylcrotonyl-CoA to acetoacetate (Narisawa et al. 1986; IJlst et al. 2002) . 3-MGH is encoded by the AUH gene, which was mapped to chromosome 9 and encompasses ten exons encoding for a protein with 339 amino acids (Ijlst et al. 2002; Ly et al. 2003) . The ratio of cis and trans isoforms of 3-MGA in urine of 3-MGA-uria type I patients is 2:1, whereas in cerebrospinal fluid (CSF), only the cis isoform is detectable (Engelke et al. 2006 ). In the other 3-MGA-uria types, the urinary cis:trans ratio is approximately 1:1 [ Fig. 2 ; repetitive measurements in patients with 3-MGA-uria type I (n=5), II (n=5), III (n=6), and IV (n>80); (Wortmann et al. 2009)] .
It is known that 3-methylcrotonyl-CoA carboxylase specifically forms the trans form of 3-methylglutaconylCoA (Lynen et al. 1961) . The metabolic origin of cis-3-methylglutaconyl-CoA remains as yet unknown. Spontaneous cis/trans interconversion may play a role. A brainspecific isoform of 3-MGH or an enzyme converting the trans form into the cis form, thus taking care of local production of the cis form in the brain, may be an explanation (Engelke et al. 2006) .
3-MGA-uria was thought to present in childhood with nonspecific symptoms such as mental retardation or seizures. It was even speculated to be a nondisease (Gibson et al. 1998) . Recently, we reported that it is, in fact, a slowly progressive leukoencephalopathy clinically presenting in adulthood (Wortmann et al. 2010) . Functionabolishing mutations were reported in seven children with various nonspecific symptoms, such as mental retardation, seizures, hepatopathy (Ijlst et al. 2002; Ly et al. 2003; Illsinger et al. 2004; Matsumori et al. 2005) . Recently, our group reported the biochemical details of the first patient with an adult onset of the disease, a Dutch woman (Engelke et al. 2006; Wortmann et al. 2010) . She presented with a progressive bilateral visual decline and optic atrophy at the age of 35 years. Over the following 16 years, dysarthria and mild limb ataxia with severe gait ataxia were observed. One additional late-presenting patient was reported with dementia and spasticity by a Japanese group (Eriguchi et al. 2006 ). Both had a slowly progressive leukoencephalopathy. The same clinical signs and symptoms and disease course was observed in a third adult patient who came to our attention (Wortmann et al. 2010 ). This British man first presented at the age of 30 years with mild cerebellar ataxia and slowly worsened over 29 years, showing spastic paraparesis, nystagmus, and dementia. Magnetic resonance imaging (MRI) of our adult patients showed extensive and diffusively distributed white-matter lesions restricted to the supratentorial region not affecting the cerebellum or the corpus callosum [for MRI/MR spectrometry (MRS), see Engelke et al. (2006) ]. The Japanese patient also showed cerebellar involvement (Eriguchi et al. 2006 ). This led us to perform an MRI in a pediatric 3-MGA-uria type I patient who was detected upon metabolic screening for recurrent febrile seizures (in total, 15 up to age 7 years) at the age of 4 years (Illsinger et al. 2004) . He is 10 years old at this writing and has developed completely normally. His MRI showed mild signal abnormalities in deep frontal white matter with sparing of the U fibers. We propose that these abnormalities represent the earliest stages of the slowly progressive neurodegenerative disorder mainly affecting the white matter observed in the adult patients. Metabolite accumulation may contribute to the clinical signs and symptoms of this disease. A toxic effect of 3-MGA on the Fig. 2 [1 H]-nuclear magnetic resonance (NMR) spectra of patients with 3-methylglutaconic aciduria (3-MGA-uria) types I and IV. One-dimensional [
1 H]-NMR spectra (500 MHz) of urine measured at pH 2.5. The region between 2.2. and 1.9 ppm is shown. a 2:1 cis:trans ratio in the urine of a patient with 3-MGA-uria type I. b 1:1 cis:trans ratio in the urine of a patient with 3-MGA-uria type IV cerebral cortex has been demonstrated in rats (Leipnitz et al. 2008 ). There have also been speculations about the neurotoxicity of 3-HIVA (Duran et al. 1993) . The obvious accumulation of 3-HIVA in CSF and brain observed by MRS in the Dutch woman may be indicative for a central role of 3-HIVA accumulation in the natural course of brain damage in this disease (Engelke et al. 2006) . As in other organic acidurias, accumulation of toxic metabolites may give rise to slow-onset excitotoxicity with cellular dysfunction and eventually cell death. If the natural-course scenario that we propose can be confirmed in a larger series of patients, leucine-restricted diet as a therapeutic approach from childhood onward must be reconsidered.
3-MGA-uria type II (Barth syndrome, MIM 302060)
The 3-MGA-uria type II or Barth syndrome is an X-linked recessive cardiomyopathy with (cyclic) neutropenia, skeletal myopathy, and mitochondrial respiratory chain dysfunction first described in a large Dutch family some 30 years ago (Barth et al. 1981 (Barth et al. , 1983 . Ten years later, the 3-MGAuria and decreased plasma cholesterol were added as consistent disease features (Kelley et al. 1991) . Sudden unexpected death in early life has been reported (Yen et al. 2008) . The progression of cardiomyopathy (CM) is variable, sometimes slowly improving over the years, but mostly progressive and ending up at a point where heart transplantation is the only treatment option (Christodoulou et al. 1994; Adwani et al. 1997; Mangat et al. 2007 ). Cyclic neutropenia, ranging from mild to severe, is frequently seen; and fatal bacterial infections can occur in the neonatal period. Neutropenia and CM can develop simultaneously or in isolation. Onset ranges between birth and 49 years and peaks around puberty (Barth et al. 2004) . Chronic aphthous ulceration due to Candida infections is a common sequela. Treatment with granulocyte colony-stimulating factor (G-CSF) seems to be successful and safe (Dale et al. 2006) . Most patients show a degree of growth deficiency with height following the −2 SD percentile (Barth et al. 2004 ). There is evidence that patients share distinct facial features (tall and broad forehead, round face with prominent chin and full cheeks, large ears, and deep-set eyes), which are most evident in infancy (Hastings et al. 2009 ). In early studies, normal mental functioning and intelligence is reported. Recent studies suggest a higher incidence of cognitive difficulties with regard to mathematics, visual spatial tasks, and short-term memory. Language ability is spared. In combination with the excess fatigue often seen in these patients, this should be given special attention (Mazzocco et al. 2007 ).
The excretion of 3-MGA in urine can be highly variable, even within 24 h, and is often intermittent (Christodoulou et al. 1994; Cantlay et al. 1999) . The 3-MGA-uria is seemingly unrelated to the clinical course or severity of metabolic derangement. Even patients without 3-MGA-uria have been described (Schmidt et al. 2004 ). Other characteristic findings in the urine are increased levels of 3-MG and 2-ethylhydracrylic acid, the latter a consequence of the isoleucine breakdown. Neither prolonged fasting nor leucin loading tests leads to changes in 3-MGA excretion, suggesting an alternative source of 3-MGA in affected patients (Kelley et al. 1991; Christodoulou et al. 1994) . Moderately decreased plasma total cholesterol, mostly belonging to the low-density lipoprotein (LDL) pool, is a consistent finding (Kelley et al. 1991) . This led to the hypothesis that 3-MGA results from overflow via the mevalonate shunt ( Fig. 1 ; Kelley et al. 1991; Kelley and Kratz 1995) . Cells from patients with Barth syndrome show a characteristic abnormal cardiolipin profile, which is the basis for the diagnosis (for review, see Houtkooper et al. 2009 ). Total cardiolipin levels are lower, especially of the tetralineoyl subclasses, and the acyl chain composition is shifted toward less unsaturated species with markedly elevated monolysocardiolipin (Valianpour et al. 2002) . Cardiolipin is primarily found in the inner mitochondrial membrane and to a lesser extent in the outer mitochondrial membrane. Several proteins of the respiratory chain have been reported to bind to cardiolipin or require cardiolipin for optimal activity (as reviewed in Houtkooper and Vaz 2008) . Furthermore, cardiolipin is reported to function in the stabilization of the individual respiratory chain complexes in a larger so-called supercomplex, enabling efficient channelling of electrons through the complexes. Barth syndrome is caused by mutations in the TAZ gene located at Xq28, encoding the protein tafazzin, named after the masochistic comic character from an Italian TV sport show (Bione et al. 1996) . The function of this mitochondrial cardiolipin transacylase and its different splice variants (129-292 amino acids long) in the remodelling of cardiolipin remains elusive. A role in apoptosis has been suggested, but how this causes CM and neutropenia is unknown (Houtkooper and Vaz 2008) .
3-MGA-uria type III (Costeff syndrome, MIM 258501)
The 3-MGA-uria type III, or Costeff syndrome, is an autosomal recessive disorder with infantile bilateral optic atrophy, extrapyramidal signs, spasticity, ataxia, dysarthria, and cognitive deficit in decreasing order of frequency. It was first described in 19 Israeli patients in 1989 (Costeff et al. 1989 ). The excretion of 3-MGA and 3-MG is, as in the other 3-MGA-uria types, quite variable (Elpeleg et al. 1994 ). All patients of Iraqi Jewish origin are homozygous for a splice site founder mutation in OPA3 (mapped to 19q13.2-q13.3; Anikster et al. 2001 ). Several patients have been reported since then, almost exclusively of Iraqi Jewish origin, with the exception of one Turkish Kurdish and one Indian patient harboring different mutations (Kleta et al. 2002; Neas et al. 2005; Ho et al. 2008) . Two other OPA3 mutations result in a rare dominant disorder (ADOAC; MIM 165300) involving optic atrophy, cataracts, and extrapyramidal signs without 3-MGA-uria (Reynier et al. 2004; Verny et al. 2005) . The OPA3 gene was first thought to consist of two exons; recently, it was proven to compromise three exons, resulting in two gene transcripts-OPA3A and OPA3B (Anikster et al. 2001; Huizing et al. 2010) . Both transcripts contain exon 1, which is spliced to exon 2 in OPA3A (179 amino acids) and exon 3 in OPA3B (180 amino acids). OPA3A is expressed and conserved from fungi to primates, whereas OPA3B is uniquely found in mammals. In contrast to OPA3A, OPA3B is not identified in the proteomic database and is considerably less frequently expressed in wild-type cells (Huizing et al. 2010) . Recently, the prediction of a mitochondrial localization of the OPA3A protein could be confirmed. It is an integral protein of the mitochondrial outer membrane. The authors also reported an integral role for OPA3A in mitochondrial fission and apoptosis (Ryu et al. 2010) . Very recently, a zebrafish model of Costeff syndrome has been described. Herein mitochondrial OPA3 is shown to protect the electron transport chain against inhibitory compounds (Pei et al. 2010 ).
3-MGA-uria type IV (MIM 250951)
Although about 100 patients with 3-MGA-uria not being classified as type I, II, III, or V have been described, OMIM refers to only one case report from 1992 for 3-MGA-uria type IV. This was a young man with severe psychomotor retardation, poor growth, subvalvular aortic stenosis, and CM. He later developed seizures, spasticity, and sensorineural hearing loss (Chitayat et al. 1992) . Since then, the spectrum has expanded rapidly. The underlying etiology has not been elucidated as yet but is certainly heterogeneous (Gunay-Aygun 2005) .
The majority of patients described so far presented with CM (Holme et al. 1992; Ibel et al. 1993; Besley et al. 1995; Ruesch et al. 1996; De Kremer et al. 2001; Morava et al. 2004; Sperl et al. 2006) . A subgroup presented with a severe early-onset phenotype with hypertrophic CM, and the unique features of early cataract, hypotonia/developmental delay, and lactic acidosis (Di Rosa et al. 2006) . Recently, the underlying genetic defect in a subgroup of patients of Gypsy origin presenting with hypertrophic CM, hypotonia, hepatomegaly, facial dysmorphism, and microcephaly was found. Mutations in TMEM70 encoding a mitochondrial protein proposed to be an ancillary factor involved in the biosynthesis and assembly of adenosine triphosphate (ATP) synthase (complex V of the respiratory chain) cause an isolated deficiency of ATP synthase. Half of the patients died, mostly within the first weeks of life; survivors showed psychomotor and various degrees of mental retardation (Holme et al. 1992; Sperl et al. 2006; Cízková et al. 2008; Honzik et al. 2010) . Interestingly, ATP synthase deficiency has been reported twice more in association with 3-MGA-uria. Recently, a young woman with mild mental retardation and peripheral neuropathy was described. She harbored a mutation in the ATP5E gene encoding the F1 epsilon subunit of the ATP synthase. This subunit is supposed to be involved in the incorporation of subunit c to the rotor structure of mammalian ATP synthase . Some time ago, a girl with a syndromic phenotype mimicking cerebrooculo-facio-skeletal syndrome (but without microphthalmia/cataracts) was reported. She had hypoplastic kidneys, dysgenesis of the corpus callosum, and progressive brain atrophy involving the basal ganglia. She died aged 14 months after a course with intercurrent infections and seizures. She was found to have a mutation in the ATP12 gene, which encodes an ATP synthase assembly factor (de Meirleir et al. 2004 ). How these nuclear-encoded mitochondrial disorders involved in ATP synthesis or ATP synthase assembly lead to 3-MGAuria remains elusive.
In 2006, we reported four patients with a distinct clinical phenotype called MEGDEL association (Wortmann et al. 2006) . These patients presented with neuroradiological evidence of Leigh disease, sensorineural hearing loss, recurrent lactic academia, severe neonatal infections, and hypoglycemia. The 3-MGA in urine was moderately elevated, and all patients had complex I deficiency. In the mean time, we found three additional patients from other countries. Genetic investigations are pending. Furthermore, patients with mitochondrial DNA (mtDNA) depletion or deletion syndromes, and m.3243A>G mutation, have been described in literature (POLG1 mutations: de Vries et al. 2007; unspecified mtDNA depletion: Figarella-Branger et al. 1992; Scaglia et al. 2001; Pearson syndrome: Jakobs et al. 1991; Gibson et al. 1992; Lichter-Konecki et al. 1993; m.3243A>G: De Kremer et al. 2001) . Recently, we presented a diagnostic strategy that enabled us to elucidate the underlying genetic defect in 11 out of 18 children with 3-MGA type IV by delineating patient groups (encephalomyopathic: SUCLA2; hepatocerebral: POLG1, cardiomyopathic: TMEM70, myopathic: RYR1) on clinical and biochemical grounds (for details, see Wortmann et al. 2009 ).
The 3-MGA-uria type IV is definitely the most intriguing type of the 3-MGA-urias, with a rapidly broadening spectrum. In contrast to the well-defined, distinct phenotypes 3-MGA-uria I, II, III and V, 3-MGA-uria type IV is most frequently associated with progressive neurological impairment, variable organ dysfunction, and biochemical features of a dysfunctional OXPHOS. Urinary 3-MGA seems to be a biochemical marker for mitochondrial dysfunction.
3-MGA-uria type V (MIM 610198)
The 3-MGA-uria type V, or dilated cardiomyopathy with ataxia (DCMA) syndrome, is a novel autosomal recessive condition with early-onset dilated CM with conduction (Davey et al. 2006) . Affected patients consistently showed five-to tenfold increases in both plasma and urine 3-MGA and 3-MG. Homozygosity mapping revealed the underlying splice-site mutation in the DNAJC19 gene. Proteins containing a DNAJ domain are typically involved in molecular chaperone systems. Based upon the predicted tertiary structure of DNAJ19 it could be located in the inner mitochondrial membrane. Because of the similarity with the yeast Tim14 protein, a defect of protein import via the inner mitochondrial membrane, as seen in Mohr-Tranebjaerg syndrome, is suggested (Roesch et al. 2002) .
Other causes of 3-MGA-uria
Elevated urinary excretion of 3-MGA, parallel with increased excretion of 3-HIVA, 3-MG, 3-methylglutarylcarnitin, and 3-hydroxy-3-methylglutaconic acid, can be found in patients with HMG-CoA lyase deficiency (MIM 246450, Faull et al. 1976 ). This mitochondrial enzyme catalyses the last step of leucine breakdown ( Fig. 1 ) but is also required for ketogenesis. Patients present with a Reye-like picture with hypoketotic acidosis, metabolic acidosis, and liver failure. The prognosis is good if no damage from the initial presentation remains. The excretion pattern of HMG-CoA lyase deficiency is characteristic and distinguishes it from the other 3-MGA-uria types. Two patients with the late-onset form of multiple acyl-CoA dehydrogenase deficiency (MADD, or glutaric aciduria II, MIM 231680) also excreted 3-MGA (Liang et al. 2009 ). Deficient electron transfer from the flavin adenine dinucleotide (FAD)-dependent dehydrogenases to the respiratory chain due to genetic defects of electron transfer flavoproteins (ETF) not only affects fatty acid oxidation but also dehydrogenases involved in the metabolism of amino acids (e.g., leucine), which could explain the 3-MGA-uria. The diagnosis is difficult to establish but worth elucidating, as treatment with riboflavin or coenzyme Q10 shows dramatic improvement in some patients. The 3-MGA-uria can occur secondarily in patients with SLO because of abnormal isoprenoid/cholesterol biosynthesis, as well as in patients with glycogen storage disease Ib (MIM 232220) and IX (MIM306000), where it is speculated that an imbalance between gluconeogenesis and de novo cholesterol synthesis result in secondarily increased 3-MGA excretion (Kelley and Kratz 1995; Law et al. 2003; Wortmann et al. unpublished data) . These patients may present with elevated lactate levels and hypoglycemia. However, the clinical picture is distinct enough to allow correct diagnosis.
In the 1990s a letter to the Lancet suggested that 3-MGA-uria seen in pregnant mothers could be indicative for a metabolic disorder or in general a congenital defect in the offspring (De Koning et al. 1996) . Investigations in a larger cohort of pregnant women revealed that 3-MGA-uria is frequently seen in healthy pregnant women (13/18 patients reported by Walsh et al. 1997) , and no correlation to an underlying disease in the mother or child could be established (Walsh et al. 1997) . It is speculated that the 3-MGA-uria occurs due to increased flux via the mevalonate shunt, as this is possible in tissue of ectodermal origin such as the placenta (Walsh et al. 1999) . Interestingly, patients with congenital adrenal hyperplasia and thereby elevated production of sterol precursors do not show 3-MGA-uria. The authors concluded that this is due to increased steroid flux occurring in the adrenal cortex, which is of mesodermal origin and where the mevalonate shunt is not supposed to function (Walsh et al. 1999 ).
Conclusion and approach to the patient with unexplained 3-MGA-uria
In this review, we present to the reader the fascinating spectrum of the 3-MGA-uria syndromes. 3-MGA-uria is an important biochemical marker that should stimulate the physician to proceed with investigations. Therefore, we would end our review by providing an approach to the patient with unexplained 3-MGA-uria. 3-MGA-uria can be seen in two conditions: as a consistent feature in the well-defined 3-MGA-uria subtypes I, II, III, V, and as a marker for mitochondrial dysfunction. It is often necessary to repeat (but certainly worth doing so) the urine organic acid analysis, as the 3-MGA-uria can occur intermittently. Table 1 gives an overview of which diagnostic steps should be taken in patients with 3-MGA-uria and unexplained signs and symptoms, such as optic atrophy or CM. Table 2 provides an overview of all known genes and their translational products that are involved in the 3-MGA-urias.
